Abstract-During tool-mediated interaction with everyday objects, we experience kinesthetic forces and tactile sensations in the form of vibration and skin deformation at the fingerpad. Fingerpad skin deformation is caused by forces applied tangentially and normally to the fingerpad skin, resulting in tangential and normal skin displacement. We designed a device to convey 3-degree-of-freedom (DoF) force information to the user via skin deformation, and conducted two experiments to determine the devices effectiveness for force-feedback substitution and augmentation. For sensory substitution, participants used 1-DoF and 3-DoF skin deformation feedback to locate a feature in a 3-DoF virtual environment. Participants showed improved precision and shorter completion time when using 3-DoF compared to 1-DoF skin deformation feedback. For sensory augmentation, participants traced a path in space from an initial to a target location, while under guidance from force and/or skin deformation feedback. When force feedback was augmented with skin deformation, participants reduced their path-following error over the cases when force or skin deformation feedback are used separately. We conclude that 3-DoF skin deformation feedback is effective in substituting or augmenting force feedback. Such substitution or augmentation could be used when force feedback is unattainable or attenuated due to device limitations or system instability.
INTRODUCTION
W HEN a person uses a stylus to interact with objects in the environment, the interaction forces occurring at the tip of the stylus are transmitted to the hand through the fingerpad-stylus interface. Tactile sensations are produced on the fingerpad, including skin stretch (caused by friction between the fingerpad and the stylus) and normal skin displacement (caused by applied normal force) (Fig. 1) . Changes in the direction and magnitude of the interaction force cause different patterns and intensity of tangential stretch and normal displacement of the skin. We propose to emulate these skin deformation patterns (both tangential skin stretch and normal skin displacement) through a 3-DoF skin deformation tactile feedback device, and to use these skin deformation patterns to convey force direction and magnitude information intuitively to the user of the device. Skin deformation feedback could therefore be used to substitute for the force information provided by force feedback (defined as forcefeedback sensory substitution), or to augment force feedback with additional force information (defined as force-feedback augmentation) during haptic interaction.
We measured the effectiveness of using skin deformation for force-feedback substitution and augmentation in two separate experiments. In the first experiment, we wanted to determine whether participants can use the 3-DoF feedback provided by our tactile device to improve task performance. Participants interact with a 3-DoF virtual environment to locate a feature, but received either 1-DoF or 3-DoF skin deformation feedback. With the additional information provided by 3-DoF feedback, participants are expected to perform the task better than with 1-DoF feedback.
In the second experiment, we wanted to determine whether augmenting force feedback with skin deformation can improve task performance. Users performed a pathtracing task in a 3-DoF virtual environment, while receiving guidance cues. These guidance cues are provided using a combination of force feedback (with varying levels of forcefeedback) and/or skin deformation feedback. It is expected that the additional force information provided by skin deformation feedback will assist participants in performing the path-tracing task.
BACKGROUND 2.1 Tactile Feedback for Sensory Substitution
Sensory substitution is the transformation of the characteristics of one sensory modality into another sensory modality.
In force-feedback sensory substitution, the force is replaced by other sensory modalities that are used to convey force magnitude and/or direction information to the user. Tactile feedback can be used for force-feedback sensory substitution, with the main forms of tactile feedback being vibrotactile, skin stretch, and normal skin deformation. Vibrotactile feedback has been used for sensory substitution in a wide variety of applications, e.g. providing grip force information for prosthetic applications [1] , interaction force information in teleoperated assembly [2] , and tissue interaction force information in robot-assisted surgery [3] . The main drawback of vibrotactile feedback is the difficulty of conveying both force direction and magnitude information together. Tappeiner et al. [4] showed that directional cues can be conveyed using asymmetric vibration. However, their work is currently limited to in-plane direction rendering, and it is not known whether similar concepts can be used to convey 3-DoF directional cues to the user. With a traditional vibrating actuator such as an eccentric rotating mass motor or linear resonant actuator, multiple actuators can be placed side-by-side to convey direction information through sensory saltation [5] . Using this method, however, the actuators have to be spaced some distance apart to allow for participants to discriminate between the different vibrating actuators. Such temporal-based direction display is also not practical for use in teleoperation scenarios, in which the interaction force direction can change rapidly. Another drawback of vibrotactile feedback is that the sensitivity of the skin to ongoing vibration stimuli decreases over time [6] . Vibrotactile feedback can also be uncomfortable over long periods of usage [7] .
Compared to vibrotactile feedback, skin stretch tactile feedback has the advantage of conveying both magnitude and direction information at the same time. Gleeson et al. [8] and Guinan et al. [9] used servo motors to move a high friction surface across users' fingerpads to convey translation and rotation navigation information. Schorr et al. [10] used a similar skin stretch device to show that users are able to interpret skin stretch feedback to discriminate virtual surfaces with different stiffness values. In addition to translational skin stretch, Bark et al. [11] designed a rotational skin stretch device to convey proprioceptive information to users for gait rehabilitation.
Force information can also be conveyed to the user by application of cutaneous normal force to the user's fingerpads. Minamizawa et al. [12] developed a device that used dual motors to apply normal forces to the user's fingerpads. Prattichizzo et al. [13] extended the idea with a device that applies 3-DoF cutaneous forces to the fingerpad. Using a feedback method termed as "sensory subtraction", kinesthetic forces are subtracted from the combination of kinesthetic and cutaneous sensations present during normal interaction, leaving only the cutaneous sensations that are fed back to the user with a tactile feedback device. Prattichizzo et al. used the device to perform a needle insertion task, and showed that superior performance is achieved using cutaneous normal force feedback compared to visual feedback. With the same device, Meli et al. [14] performed a task in which users insert rings onto pegs, emulating the Peg-board module of the da Vinci Surgical Simulator (Intuitive Surgical, Inc.). They found that sensory subtraction resulted in performance better than traditional visual and audio sensory substitution methods.
Tactile Feedback for Sensory Augmentation
The same tactile modality used for sensory substitution can be used for sensory augmentation. Researchers have looked at the effect of such tactile augmentation of force feedback on user perception. Okamoto et al. [7] used vibration on the fingerpad to bias the perceived viscous and inertia properties of an object. In addition, Okamura et al. [15] and Kuchenbecker et al. [16] rendered vibration in conjunction with forces using a force-feedback device to increase the perception of hardness of an object. Besides vibration, skin stretch feedback has also been used in conjunction with force feedback to bias the perception of stiffness [17] and friction [18] of a haptically rendered virtual surface.
Several studies have also looked into the effect of sensory augmentation on task performance. In many cases, adding tactile feedback to force feedback achieved performance better than the case when either tactile or force feedback is used alone. Augmenting force feedback with vibration feedback decreases the contact force error in a path-tracing task [19] and reduces reaction time in a tissue puncturing teleoperation task [20] , while augmenting force feedback with skin deformation feedback (normal skin deformation or tangential skin stretch) decreases penetration into a forbidden region during needle insertion [21] , [22] and improves accuracy in a direction identification task [23] .
In this paper, we combine the idea of tangential skin stretch and normal skin displacement to design a device that is able to deform the user's fingerpad both tangentially and normally. The device can emulate tactile sensations on the fingerpads analogous to what is felt during manual interaction with objects in the environment while using a stylus-like tool. These tactile sensations can be used to convey 3-DoF force information to the user to substitute or augment force-feedback during haptic interactions.
DEVICE DESIGN
The goal of our tactile device is to impart skin deformation tactile sensations while users grasp the device using a precision grip that involves the thumb, index finger, and middle During interaction with an environment using a stylus, the transmission of interaction forces from the tip of the stylus to the user's hand causes tangential and normal skin deformation on the fingerpad at the fingerpad-stylus interface.
finger. This type of precision grip is analogous to the way users typically grasp a stylus-like tool. Skin deformation tactile sensations are created by translating a high friction surface relative to the fingerpad skin. We apply the aperture and tactor design used in [24] for our device. Due to the size of the tactors ($7 mm in diameter), and the size of the aperture ($12 mm in diameter), the end-effector of the tactile device is limited to a translational workspace of about 5 Â 5 Â 5 mm. This workspace is appropriately matched to the size of the human fingerpad and the amount of skin deformation that can be achieved, considering skin mechanics and user comfort. In addition, the device should also be as compact and lightweight as possible. With the requirement of a compact mechanism, small workspace, and high mechanical stiffness, a parallel kinematic mechanism is well suited for this purpose. We choose to base our design on the Delta parallel mechanism, which offers three degrees of freedom of translation, together with well understood kinematics and control [25] .
The design of the skin deformation device is shown in Fig. 2 . The device consists of a Delta-type parallel mechanism actuated by three Faulhaber 1516 DC-micromotors with 141:1 gear ratio. Skin deformation tactors, which are rubber Lenovo Trackpoint Classic dome tactors with a rounded surface and a rough, sandpaper-like texture, are attached to the end-effector of the skin deformation device (termed as the tactor base). An aperture housing, which consists of four beveled, square-shaped apertures, is rigidly attached to the base of the Delta mechanism, and which surrounds the tactor base such that the four skin deformation tactors protrude through the apertures. Users grasp the device with three fingerpad contacts at the locations of the top, left, and right tactors. Users are able to mechanically ground their fingerpad on the aperture housing while the tactors translate to deform the users' fingerpads. Shear forces are induced on the fingerpad due to friction between the fingerpad and a skin deformation tactor surface when a tactor moves tangentially to the fingerpad. Normal forces act on the fingerpad when a tactor moves in a direction normal to the fingerpad. An ATI Nano-17 force sensor measures the amount of grip force that users exert on the device. The force that a user exerts on the aperture is transmitted to the force sensor through a lever mechanism on the aperture housing.
The design of the skin deformation device shown in Fig. 2 uses the same Delta-mechanism as the design shown in our previous work, which was described in detail in [26] . However, the device illustrated in this paper uses geared DC motors instead of RC servos for actuation. The DC motor-powered device provides higher Cartesian position resolution than the RC servo-powered device (due to a higher resolution joint encoder). In addition, a force sensor for grip force sensing is also included in the current design. We used the RC servo powered device described in [26] for the sensory substitution experiment, and the DC motor powered device introduced here for the sensory augmentation experiment. Since both devices use the same principle and mechanism for providing skin deformation feedback, we do not think the experiment results in both studies will be affected significantly by the choice of actuators.
The skin deformation device is attached to the endeffector of a Force Dimension Omega.3 force-feedback haptic device. The Omega.3 provides force feedback and measurement of the user's hand position in space, while the skin deformation device provides skin deformation feedback to the user's fingerpads. The weight of the device is approximately 260 g, and active gravity compensation is provided by the Omega.3 to balance the weight of the device.
Kinematic Verification
To verify the kinematic accuracy of the skin deformation device, we measured the position of the end effector using a Force Dimension Omega.3 (with position sensing resolution of less than 0.01 mm), and compared it to the position specified by the kinematic model under a no-load condition. The end-effector of the skin deformation device was commanded, in each of the three axis, from the zero position to the positive 2 mm position, followed by the À2 mm position, and back to the zero position. The non-commanded axis was held at 0 mm. The result of a single verification run is shown in Fig. 3 . The position of the end-effector agrees well with the kinematic model. With a commanded amplitude of 2 mm, the maximum error in the commanded direction of motion is 0.25 mm, while the maximum error in the non-commanded direction is 0.19 mm. A small amount of hysteresis is also observed. It should be noted that under actual usage conditions, in which a user's fingerpad presses on the device aperture, due to the additional forces on the tactor by the fingerpads, the actual skin deformation rendered to the user depends on the normal and tangential stiffness of the user's fingerpad skin. 
Description of Tactile Sensation
The tactile sensation provided by the device is analogous to the skin deformation sensations that one feels when using a stylus like tool to interact with objects in the environment, but without the corresponding kinesthetic force feedback on the arm. The device is able to provide a strong skin deformation sensation on the fingerpads. One user of the device describes the sensation as similar to having kinesthetic force feedback applied to the fingerpads of the hand.
SENSORY SUBSTITUTION STUDY
The goal of this study is to determine whether participants can interpret the 3-DoF skin deformation cues for 3-DoF force-feedback sensory substitution. We performed this study using the earlier version of the 3-DoF skin deformation device, which uses RC-servos and does not have grip force sensing. The experimental results were presented in preliminary form in [26] . We consolidated the two performance metrics used in [26] into a single performance metric, which is presented in this paper.
Methods

Participants
A total of nine participants (six males and three females) between the ages of 21 to 34 participated in the experiment after giving informed consent. Eight of the participants were right-hand dominant. The experiment procedure was approved by the Stanford University Institutional Review Board.
Apparatus and Set-up
In this experiment, we wanted to determine whether participants can interpret the 3-DoF information provided by our tactile device to locate a feature in a 3-DoF virtual environment. Participants interacted with a virtual surface to determine the center of a contoured hole, shown in Fig. 4 . This task was chosen because it can be completed using either 1-DoF or 3-DoF feedback, with 3-DoF feedback providing additional information that can be used by participants to improve task performance. Therefore, if participants can interpret the 3-DoF skin deformation feedback provided by our tactile device, they will be able to perform the task better than with the corresponding 1-DoF skin deformation feedback.
The experiment conditions consist of four different feedback types: 1-DoF kinesthetic force feedback, 3-DoF kinesthetic force feedback, 1-DoF skin deformation feedback, and 3-DoF skin deformation feedback. For 1-DoF kinesthetic force feedback, the Omega.3 provides force feedback in the z-direction. For 3-DoF kinesthetic force feedback, the Omega.3 provides force feedback in all directions. For 1-DoF skin deformation feedback, the tactile device provides skin deformation feedback in the z-direction, while for 3-DoF skin deformation feedback, the tactile device provides skin deformation feedback in all directions. The force feedback is included as a control to show that the task performance difference using 1-DoF feedback versus 3-DoF feedback, and to act as a baseline for task performance comparison with skin deformation feedback. The 1-DoF and 3-DoF skin deformation feedback are used to test our experiment hypothesis.
The virtual surface was displayed to the participant through a monitor placed flat on the table, and the virtual environment was rendered to spatially match the participant's view. This configuration eliminates visual depth information, which could be used by participants to determine the hole center. Shadows in the virtual environment are eliminated so that participants could only see a plain surface on the monitor. The virtual surface was a 50 mm Â 50 mm square, with the hole in one of the 25 locations that was constrained on a 20 mm Â 20 mm square. The scale of the surface displayed visually to the participant is magnified by a factor of 4.
We use the CHAI3D framework to render the virtual environment to the participant [27] , and the god-object algorithm [28] to render the force feedback according tõ
where 
where R [mm/N] is the skin deformation-to-force ratio and x sd is the desired position of the end-effector of the skin deformation device. Combining Equations (1) and (2), we get a mapping from the proxy-HIP position difference to skin deformation:
The stiffness of the virtual surface, K, was set to 300 N/m, and the skin deformation-to-force ratio, R, was 2.0 mm/N in all directions. The value of 2.0 mm/N was determined during pilot studies, such that participants are able to obtain perceptible skin deformation feedback during interaction while avoiding device saturation as much as possible.
Experimental Procedure
Participants were first given two minutes to learn the hole localization task, with the contoured hole center shown on the screen as a circle for each feedback type. This familiarized participants with the different feedback types and how the feedback can be used to locate the hole center. Then, participants performed a 20-trial training session, which consisted of five trials with each of the four feedback types. During the training, participants were shown the exact location of the hole after each trial. This training served to familiarize participants with the experimental procedures. It also provided participants with baseline experience in using the information from different feedback types to locate the hole center without the contoured hole center visible on the screen.
After the training, participants performed the main experiment, consisting of 25 trials for each of the four different feedback types. Each of the 25 contoured hole locations in Fig. 4 was presented once with each feedback type, and all feedback types and locations were pseudo-randomly interleaved. Before the beginning of each trial, participants were asked to take note of the feedback type presented on the monitor screen. They were given a maximum of 30 seconds to interact with the virtual surface and locate the hole center, after which the haptic feedback was turned off. Participants were asked to bring the cursor to their estimated hole location to complete the trial whenever they felt confident of the hole location, or after haptic feedback was turned off. No visual feedback of the hole location was provided during the main experiment. Participants were instructed prior to the experiment to place first priority on locating the hole accurately, and second priority on the speed which they took to locate the hole. The experiment took approximately 40-60 minutes to complete.
Data Analysis
The performance metrics for the experiment were the error between the participant-specified location and the actual location of the hole center, and time to complete a trial. The error, e, for each trial is calculated as
wherex reported is the x, y coordinate of the participant reported location,x actual is the x,y coordinate of the actual hole location, and j:j 2 is the Euclidean 2-norm. Because there is a trade-off between speed and accuracy, we combine the two metrics together by multiplying the two metrics to form a single performance metric of error-time.
We performed the repeated-measures 2 Â 2 ANOVA to compare the error-time performance metric across different feedback types and device degrees-of-freedom. The independent variables in our analysis are the categorical variable of degree-of-freedom (fixed effect with 2 levels), categorical variable of feedback type (fixed effect with 2 levels), and categorical variable of subject (random effect). We used the Kolmogorov-Smirnov test for normality of the data. Whenever the ANOVA result was significant, we performed a pairwise comparison between 3-DoF and 1-DoF force or skin deformation feedback, and between force and skin deformation feedback. Statistical analysis was performed using MATLAB fitrm and ranova functions, with statistical significance determined at the 0.05 level with the appropriate Bonferroni correction.
Results
The X and Y errors relative to the location of the hole, for all trials and all participants, together with the 95 percent confidence region, are shown in Fig. 5 . For all feedback types, participants' average errors in the X and Y directions (dark asterisks in Fig. 5 ) are close to zero, indicating that participants are accurate in locating the center of the hole. However, the precision with which participants locate the hole (illustrated by the distribution of the errors in Fig. 5 ) differs, with the best precision for 3-DoF force feedback, followed by 1-DoF force feedback, 3-DoF skin deformation, and 1-DoF skin deformation. Fig. 6 shows the performance for the error-time metric, and Fig. 7 shows the mean trial profile for error as a function of time averaged across all participants and trials. Participants had the lowest error, shortest time, and best error-time performance for 3-DoF force feedback, followed by 1-DoF force feedback, 3-DoF skin deformation, and 1-DoF skin deformation.
Before performing the repeated-measures two-way ANOVA on the error-time metric, we tested the data for normality using the Kolmogorov-Smirnov test and examined the size of the standard deviations. Table 1 shows the resultant p-values when using the raw error data and the p-values after performing a log-transformation. With the logarithmic transform, the distribution is closer to normal and the variances are more homogeneous. Therefore, we used the log-transformed error data for statistical analysis. There was a statistically significant effect of the feedback type (F 1;8 ¼ 1148:61; p < 0:001), statistically significant effect of feedback degrees of freedom (F 1;8 ¼ 280:63; p < 0:001), and statistically significant effect of interaction of feedback type and feedback degrees of freedom (F 1;8 ¼ 15:2; p < 0:001). Fig. 6 shows the paired t-test comparisons with the appropriate Bonferroni corrections for multiple comparisons.
Discussion
3-DoF Versus 1-DoF Feedback
Participants performed better with 3-DoF feedback compared to 1-DoF feedback, for both force and skindeformation feedback. These results agree well with our hypothesis that the additional DoF of feedback help participants to locate the hole center. For force feedback, the lateral forces provided by 3-DoF feedback push the participant's hand towards the hole center, while the lateral skin deformation feedback provided by 3-DoF feedback provides cues that direct participants towards the hole center. With the 1-DoF counterparts, participants must explore the entire surface to form a mental model of the hole location, resulting in increased trial time and lower precision. The improvement in performance for 3-DoF over 1-DoF skin deformation feedback provides evidence that participants are able to interpret the 3-DoF feedback provided by our device to obtain more information about the environment.
While the additional information can be due to additional direction information or an increase in feedback information, prior work by by Guinan et al. [9] had showed that with a 5-DoF back-to-back skin stretch device, participants are able to discriminate between the different directional information provided to them. The improvement in performance for 3-DoF skin deformation compared to 1-DoF skin deformation feedback can therefore be attributed mostly to the additional directional information provided by 3-DoF skin deformation feedback.
Force Versus Skin Deformation Feedback
The better performance of force feedback compared to skin deformation feedback can be partly attributed to the physical resistance provided by force feedback. This physical resistance allows participants to slide the device along the virtual surface and makes exploring the surface easier and faster. With skin deformation feedback, such physical resistance is absent, and participants had to physically constrain There is statistically significant difference in error-time between 3-DoF and 1-DoF for both feedback types, and between force and skin deformation for both 3-DoF and 1-DoF feedback. their motion to the plane of the surface to obtain interpretable skin deformation feedback. This increases both the physical and mental effort of the user, resulting in an overall poorer performance. Our results are consistent with [29] and [30] , in which physical constraints provided by force feedback helped to reduce the mental workload during task execution.
Familiarity with Skin Deformation Feedback
For most participants, this experiment was the first time in which they had experienced skin deformation feedback without the corresponding kinesthetic force feedback. Through appropriate training, it is expected that participants' performance using skin deformation feedback would improve over time.
SENSORY AUGMENTATION STUDY
The goal of this study is to determine the effect of augmenting force feedback (of different force-feedback gains) with skin deformation. The experiment in this study is performed using the DC motor powered version of the tactile device with grip force sensing.
Methods
Participants
A total of 14 participants (12 males and 2 female) between the ages of 21 to 30 participated in the experiment after giving informed consent. All but one of the participants were right-handed. The experiment procedure was approved by the Stanford University Institutional Review Board.
Apparatus and Set-up
In this experiment, we wanted to determine whether the addition of skin deformation feedback to force feedback can improve task performance. Participants perform a pathfollowing task by moving the haptic device from an initial 3D position to a target position via a specified path, subjected to force feedback (with varying force-feedback gains), and/or skin deformation feedback that acts as forbidden region virtual fixture [31] to prevent movement away from the specified path. The initial position of the path is p path;start ¼ ð0; 0; 0Þ. 
y path and z path are the desired y and z position of the path in space, y mag ; z mag ; y freq ; z freq are the parameters defining the path, and x hand is the x coordinate of the participant's hand as measured by the haptic device. Therefore, participants are able to move freely along the x axis, while the haptic feedback guides the participant towards the desired y and z coordinates of the path in space. Throughout the path, the guidance force isf
in which y hand and z hand are the y and z coordinates of the hand position, measured by the Omega-3, and K is the stiffness of the virtual fixture. At the end of the path, a virtual wall is shown to the participant. The additional force output by the virtual wall,f wall , is 
in which x path;end is the x coordinate of the virtual wall (which indicates the end of the path), and x hand is the x coordinate of the participant's hand in space. An illustration of the experiment task is shown in Fig. 8 . The force rendered by the Omega.3 force-feedback device isf
wheref Omega is the force output by the force-feedback device, and G is the force-feedback ratio. For the skin deformation tactile feedback, the movement of the endeffector isx ee;sd ¼ Rðf guide þf wall Þ;
wherex ee;sd is the displacement of the tactile device's endeffector, and R is the skin deformation-to-force ratio. Participants performed the task under seven different feedback conditions. These seven feedback conditions include force feedback with different force-feedback gains, with and without the addition of skin deformation feedback. The parameters for each of the seven feedback conditions are summarized in Table 2 . We choose the stiffness of the virtual fixture K to be 220 N=m as it is the minimum amount of stiffness found in [32] that is required for object detection. This value of stiffness is also found during pilot studies to be a value of stiffness such that reduced force-feedback gains with forcefeedback ratio of 66 and 33 percent will give a decrease in path tracking and virtual wall penetration performance. Fig. 8 . Illustration of the path-following task and the virtual wall in which participants had to detect that indicates the end of the path.
Experimental Procedure
The experiment started with a familiarization procedure in which a participant freely explored the task for each of the seven feedback conditions. During this period, the experimenter explained to the participants how to interpret the different feedback conditions. Participants were also instructed to grasp the device with a precision grip using the thumb, index, and middle finger. In addition, participants were told to exert a 1 N minimum grip force on the device, which was measured and displayed through the graphical interface using a bar graph. After the familiarization procedure, participants proceeded to the main experiment.
In the main experiment, participants performed the trials in seven sets, with each set corresponding to each of the seven different feedback conditions. The seven sets were presented to the participants in a Latin square order. For each set, participants performed a total of 17 trials. The first five trials are included to familiarize participants with the feedback condition and are not included in the data analysis. Participants, however, are not informed of these training trials. For all 17 trials, the parameters y freq and z freq are randomly chosen between the values 1.5 to 4 m -1 , the parameters y mag and z mag are randomly chosen between the values À0.05 to 0.05 m, and the parameter x path;end is randomly chosen between the values À0.07 to À0.08 m.
Prior to the start of each trial, the Omega.3 force-feedback haptic device is placed in position control and the device moves the participant's hand towardsx path;start , the starting point of the path. Next, the participant pressed a keyboard command to start the trial, after which he/she started the path-following task while force feedback and/or skin deformation feedback are provided to guide the participant towards the desired path in space. Participants were given unlimited time to perform the task, and were instructed to place priority on tracing the path as accurately as possible and to avoid penetrating the virtual wall at the end of the path. When a participant felt the virtual wall (and hence reached the end of the path), he/she pressed a keyboard key to end the trial. Throughout the experiment, the participants relied on haptic feedback provided by the Omega.3 and the skin deformation device. No visual information was provided for all feedback cases.
Post-Experiment Ranking
At the end of the experiment, participants were asked to rank the seven feedback conditions according to how they felt the feedback helped them in the path-following and wall penetration task. They ranked the feedback from "1 to 7", with a higher number corresponding to a feedback condition that helps them perform better in the task.
Data Analysis
Throughout each trial, the participant's interaction information was recorded every 1 ms. We used several metrics to assess task performance:
Mean path-following error between the desired path x path and the participant's hand positionx hand is:
ðjx path ½n Àx hand ½nj 2 Þ; (10) where N is the number of data points recorded for the path,x path ½n andx hand ½n are the desired path and actual hand position at sample n, and j:j 2 is the l 2 -norm. Trial time normalized for path length was calculated as trial completion time divided by the length of the desired path.
Error-time was calculated as the product of mean path-following error and trial time normalized for path length.
Wall penetration is the maximum amount of penetration into the virtual wall at the end of the path. In addition to the above performance measures, we also used the grip force sensor to measure participant's' grip force on the device throughout the experiment. This grip force information is not used to evaluate participants' performance.
We used the Kolmogorov-Smirnov test for normality prior to the statistical analysis, and where necessary, we log-transformed the data to mitigate violations of the assumption of normality. We performed five repeated-measure one-way ANOVA with the mean error, trial time normalized for path length, error-time, wall penetration, and grip force as the dependent variables, and feedback type as an independent categorical factor with seven levels. We used the Greenhouse-Geisser correction to adjust for the degrees of freedom in the repeated-measures ANOVA. Statistical analysis was performed using MATLAB fitrm and ranova functions, with statistical significance determined at the 0.05 level with the appropriate Bonferroni correction.
Results
Before performing the analysis, we tested the data for normality using the Kolmogorov-Smirnov test and examined the size of the standard deviations. Table 3 shows the p-values and the standard deviations for the error, normalized time, and the penetration performance metric. The distribution approaches normal and the standard deviation becomes closer to equal with the logarithmic transform. We therefore used the log-transform data for the statistical analysis of error, normalized time, and penetration performance metric. The error-time and the grip force data satisfy the normality assumption for all cases and is not log-transformed for the statistical analysis.
When skin deformation is added to force feedback, the mean path-following error decreases for all force-feedback ratios. This result is shown in Fig. 9a , which gives the mean 
and 95 percent confidence interval for the path-following error for each feedback types. The ANOVA analysis on path-following error shows a statistically significant effect of feedback type (F 1:9;24:6 ¼ 28:6; p < 0:001). Post-hoc comparisons showed that there is statistically significant difference between Force 100 percent and Force 100 percent with skin deformation, between Force 33 percent and Force 33 percent with skin deformation, and between Force 33 percent with skin deformation and skin deformation feedback case. Due to non-normality of the data for the Force 100 percent case, we performed additional signrank test between Force 100 percent and Force 100 percent with skin deformation, and obtained statistical significant difference between the two cases (p <¼ 0:001).
Adding skin deformation to force feedback increases the mean trial time normalized for path length, for all forcefeedback ratios. Fig. 9b shows the mean and 95 percent confidence interval for the trial time normalized for path length for all feedback types. The ANOVA analysis confirmed a statistically significant effect of feedback type (F 2:7;35:3 ¼ 17:9; p < 0:001). Post-hoc comparisons showed statistically significant difference between the Force 33 percent with skin deformation and the skin deformation only case.
Our results show that adding skin deformation to force feedback decreases path-following error but increases trial time normalized for path length. However, it is unlikely that the decrease in path-following error is due to the increase in trial time normalized for path length, as we did not observe a speed-accuracy tradeoff in this task. Fig. 10 shows the mean path-following error as a function of trial time normalized for path length, for Force 100 percent versus Force 100 percent with skin deformation (Fig. 10a) , Force 66 percent versus Force 66 percent with skin deformation (Fig 10b) , and Force 33 percent versus Force 33 percent with skin deformation versus skin deformation only (Fig 10c) . In general, there is no speed-accuracy tradeoff between path-following error and trial time normalized for path length for all feedback types. For all force-feedback ratios, augmenting force feedback with skin deformation feedback decreases path-following error across a range of trial time normalized for path length. Fig 9c shows the result when we combined both the path-following error metric and the trial time normalized for path length metric. ANOVA analysis on error-time showed that there is a statistically significant effect of feedback type (F 1:4;17:8 ¼ 16:7; p < 0:001). Post-hoc comparisons showed statistically significant difference between the Force 33 percent with skin deformation and the skin deformation only case.
There is a decrease in virtual wall penetration when skin deformation feedback is added to force feedback. This result is shown in Fig 9d, where the mean and 95 percent confidence interval for the wall penetration is depicted for all feedback types. ANOVA analysis on wall penetration showed that there is a statistically significant effect of feedback type (F 3:0;38:8 ¼ 29:7; p < 0:001). Post-hoc comparisons also showed that there is statistically significant difference when skin deformation feedback is added to force feedback for all force-feedback ratio, and between Force 33 percent with skin deformation and the skin deformation only case. Due to nonnormality of the data for the Force 100 percent case, Force 66 percent case, and skin deformation only case, we performed additional signrank test between Force 100 percent and Force 100 percent with skin deformation, Force 66 percent and Force 66 percent with skin deformation, and Force 33 percent with skin deformation and skin deformation only case. We obtained statistical significant difference for all three comparisons (p <¼ 0:001).
There is an increase in the grip force when skin deformation feedback is added to force feedback for all force-feedback ratio (Fig. 11) . From the ANOVA analysis, there is a statistically significant effect of the presence of skin deformation feedback on grip force (F 3:4;44:1 ¼ 17:9; p < 0:001). Post-hoc comparisons also showed that there is statistically significant difference when skin deformation feedback is added to force feedback for all force-feedback ratio. In addition, for all feedback types, participants applied a mean grip force above the specified mean grip force of 1 N.
The results of the post-experiment ranking survey is shown in Fig. 12 . Participants indicated that the additional skin deformation for all force-feedback ratios helped them achieve a better performance in path-following and wall penetration.
Discussion
Performance Improvement with Combined Feedback
Augmenting force feedback (of all force-feedback ratios) with skin deformation feedback decreases path-following error and wall penetration compared to force feedback alone. The decreases in path following error and wall penetration are most significant when skin deformation feedback is added to force feedback with force-feedback ratio of 33 percent. These results illustrate that, while adding skin deformation feedback to force feedback improves task performance across all force-feedback levels, the benefits of augmenting force feedback with skin deformation feedback is most prominent when skin deformation feedback is used to augment force feedback with reduced force-feedback gains. Augmenting force feedback with skin deformation feedback is therefore useful in systems in which reduced force-feedback is present. Such systems include teleoperation system with communication delay, in which reduced force-feedback is required to maintain stability of the system [33] . On the other hand, the addition of a small amount of force feedback can greatly improve both the path-following error, trial time normalized for path length, and wall penetration, as shown in Fig. 9a, 9b , and 9d. This trend is consistent with the results obtained by [22] and [23] , in which the combination of tactile feedback with force feedback decreases penetration distance into virtual tissue and improves directional recognition compared to just tactile feedback alone. For all force-feedback ratios, participants gave a better ranking to the case when skin deformation feedback is added to force feedback.
Force Constraint Versus Force Information
Skin deformation feedback alone results in smaller wall penetration than the 33 and 66 percent force feedback cases, and larger wall penetration than the 100 percent force feedback case. However, for path-following error, participants' performance with skin deformation feedback is worse than the 100 and 66 percent force feedback cases, and better than the 33 percent force feedback case. A possible reason for participants' better performance in reducing wall penetration with skin deformation feedback is the fundamental nature of force feedback [29] and skin deformation feedback. Force feedback provides both force information and physical constraint, while skin deformation feedback provides only force information to the user. For the virtual wall detection task, the primary factor affecting performance is the sensing of the force information. From Fig. 9b , the mean trial time normalized for path length across all feedback types is higher than 45 s/m. This corresponds to a mean insertion speed of 22 mm/s or lower. Such a slow insertion speed indicates that for the virtual wall detection task, the physical constraint provided by force feedback does not offer a significant advantage in lowering wall penetration. Skin deformation feedback alone therefore provides sufficient force information that informs the user about the presence of the virtual wall.
For the path-following task, however, the physical constraint provided by force feedback inherently prevents the user from deviating too far away from the desired path. This physical force constraint is absent in skin deformation feedback. Force feedback (for all force-feedback ratios) therefore achieved better path tracking performance than skin deformation feedback alone.
The concept of force constraint and force information can also be used to explain the performance improvement observed when skin deformation feedback is used to augment force feedback. When force-feedback ratio is decreased, the physical constraint and the information provided by force feedback becomes weaker. A greater position difference (either between the hand and path in the y and z direction, or between the hand and the wall in the x direction) is needed for participants to feel the same force information. This explains the degradation in performance when force-feedback ratio is decreased, for both path-following error and wall penetration. When skin deformation feedback is used to augment force feedback, skin deformation provides force information that is lacking in reduced-gain force feedback. Therefore, augmenting force feedback with skin deformation feedback decreases path-following error and wall penetration, due to the additional force information provided by skin deformation feedback. The performance improvement provided by the additional skin deformation feedback becomes more prominent as force feedback ratio decreases.
On the other hand, by including a small amount of force feedback to skin deformation feedback, the additional physical constraint provided by force feedback helped improved overall performance compared to just skin deformation feedback alone.
Feedback Sensitivity
Due to the design of our task, the primary form of skin deformation feedback that a user receives during path following is normal skin deformation, while the primary form of skin deformation feedback that a user received during wall penetration is tangential skin stretch in the x direction. Biggs et al. [34] showed that humans are more sensitive to tangential displacement than normal displacement, and more sensitive to normal forces than tangential forces. The lower sensitivity to normal skin deformation, and the higher sensitivity to tangential skin stretch, might have caused the lower performance in path-following and the better performance in wall penetration for the skin deformation feedback case compared to the other feedback types.
In addition, users received feedback from all three fingerpads for tangential skin stretch in the x direction, while they received feedback from one to three fingerpads with a combination of tangential skin stretch and normal skin deformation in the y and z directions. Montandon et al. [35] have shown that simultaneous cues through multiple fingerpads result in higher accuracy in a direction identification task than a single fingerpad alone. The higher number of fingerpads involved in the x direction might have contributed to the higher sensitivity, and hence the better performance for wall penetration.
The above issues motivate the potential use of a larger skin deformation ratio in the y and z directions, which are mainly involved in providing normal skin deformation feedback, and which received feedback cues mostly on a single fingerpad.
Grip Force Adjustment
We found that participants exerted a larger grip force on the device in cases when skin deformation feedback is used to augment force feedback, even though participants were instructed in both cases to maintain a minimum of 1 N grip force on the device. A higher grip force has previously been found to be correlated to a higher impedance of the wrist [36] . With a higher impedance, the restoring force due to force feedback will not be able to push the participant's hand towards the desired path as easily as when the impedance of the participant's hand is low. Our results, however, showed that participants achieved a statistically significant decrease in mean error when skin deformation feedback is present. As such, these results suggest that participants are using the additional skin deformation feedback to stay in the desired path.
In addition, previous work has shown that people increased their arm impedance in response to perturbations from the environment [37] . Previous work has also shown that augmenting force feedback with skin stretch feedback increases the perception of friction [18] , stiffness [17] , and force [38] . Therefore, augmenting force feedback with skin deformation feedback might have increased the perception of restoring force by participants. Participants therefore increases their grip force and hence wrist impedance in response to this higher perception of restoring force from the environment.
CONCLUSION
We designed a 3-DoF skin deformation tactile haptic device that is able to provide 3-DoF (or fewer DoF) of force information to the user for sensory substitution or augmentation of force feedback. In our sensory substitution experiment, users had to determine the location of a contoured hole using 3-DoF and 1-DoF force or skin deformation feedback. Results showed that users achieved better performance when 3-DoF feedback is used compared to 1-DoF feedback (for both force and skin deformation feedback), indicating that users are able to interpret the multi-DoF force information provided by our tactile device.
In the sensory augmentation experiment, we measured the effects of augmenting force feedback with skin deformation feedback on a virtual fixture-guided path-following task. By augmenting force feedback with skin deformation feedback, participants were able to follow the path more accurately and decrease the amount of penetration into the virtual wall. The improvement in performance over force feedback was most significant when skin deformation feedback is added to force feedback with reduced forcefeedback gains.
Our results motivate the integration of skin deformation feedback with force feedback in teleoperation systems. In teleoperation system, for example, high-gain force feedback is not implemented partly due to the potential instability that force feedback can bring to the teleoperation system. As such, it might be possible to provide 3-DoF sensory substituted force information to the user via skin deformation feedback, or to use skin deformation to augment a reduced-gain force feedback teleoperation for both performance and stability improvements. Allison M. Okamura received the BS degree from the University of California, Berkeley, CA, in 1994, and the MS and PhD degrees from Stanford University, Stanford, CA, in 1996 and 2000, respectively, all in mechanical engineering. She is currently an associate professor of mechanical engineering at Stanford University, where she is also the Robert Bosch Faculty Scholar. She was previously a professor and vice chair of mechanical engineering at Johns Hopkins University, Baltimore, MD. Her research interests include haptics, teleoperation, medical robotics, virtual environments and simulation, neuromechanics and rehabilitation, prosthetics, and engineering education. She is a fellow of the IEEE.
" For more information on this or any other computing topic, please visit our Digital Library at www.computer.org/publications/dlib.
